3D spheroids are built by heterogeneous cell types in different proliferative and metabolic states and are enriched in cancer stem cells. The main aim of the study was to investigate the usefulness of a novel metastatic renal cell carcinoma (RCC) 3D spheroid culture for in vitro cancer stem cell physiology research and drug toxicity screening. RCC cell lines, Caki-1 (skin metastasis derived) and ACHN (pleural effusion derived), were efficiently cultured in growth-factor/serum deprived, defined, StemXvivo and Nutristem medium on laminin-coated or poly-D-lysine-coated plates. In optimal 3D culture conditions, ACHN cells (StemXVivo/poly-D-lysine) formed small spheroids with remaining adherent cells of an epithelial phenotype, while Caki-1 cells (StemXVivo/laminin) formed large dark spheroids with significantly reduced cell viability in the center. In the 3D structures, expression levels of genes encoding stem transcription factors (OCT4, SOX2, NES) and RCC stem cell markers (CD105, CD133) were deregulated in comparison to these expression levels in traditional 2D culture. Sunitinib, epirubicin and doxycycline were more toxic to cells cultured in monolayers than for cells in 3D spheroids. High numbers of cells arrested in the G0/G1 phase of the cell cycle were found in spheroids under sunitinib treatment. We showed that metastatic RCC 3D spheroids supported with ECM are a useful model to determine the cancer cell growth characteristics that are not found in adherent 2D cultures. Due to the more complex architecture, spheroids may mimic in vivo micrometastases and may be more appropriate to investigate novel drug candidate responses, including the direct effects of tyrosine kinase inhibitor activity against RCC cells.
Introduction
Cancer stem cells (CSCs) are characterized by the potential to self-renew, high tumorigenicity in nude mice and the ability to efficiently reconstitute all tumor subpopulations and original tumor histology (1) (2) (3) . CSCs are suggested to be responsible for cancer development, as well as recurrence, disease progression, cancer aggressiveness, metastatic spread and resistance to chemotherapy, targeted therapies and radiotherapy. CSCs are also expected to be more resistant to all types of therapies than differentiated tumor cells (4, 5) . In renal cell cancer (RCC), CSCs are characterized by expression of cell surface markers including CD105 (6,7), CD44 (8) , or C-X-C chemokine receptor type 4 (CXCR-4) (9), as well as high expression of aldehyde dehydrogenase (ALDH1) (8, 10) . We recently showed that CD105 + subpopulations of cells may be found in multiple RCC cell lines, including metastatic tumor-derived ACHN and Caki-1 cell lines cultured in RPMI-1640/GlutaMax medium (11) . High CD105 protein expression was also found in ACHN and Caki-1 cells cultured in DMEM-HG (12) and these CD105 + subpopulations are likely to represent RCC-CSCs. At the same time, sphere and colony formation assays may be used for the functional identification of CSCs (13, 14) . Although the number of CSCs is underestimated by standard experimental methods in RCC (2) , the number of CSCs is increased in 3D culture including spheres (15) . In fact in sphere-promoting culture conditions [serum-free, fibroblast growth factor (FGF), epidermal growth factor (EGF) and B27-enriched DMEM medium], ACHN cells form large 3D aggregates that fuse over time (16) . The first aim of the present study was to develop a metastatic RCC cell line-based 3D culture model enriched in CSCs which was defined as CD105-expression promoting conditions. Optimal media supporting the CSC phenotype in metastatic RCC were to be selected. Extracellular matrix (ECM) further promoting cell growth was to be incorporated in this model. The optimized culture system (specifically selected cell line with media and ECM type) will be therefore referred to as the biomimic culture.
The second aim of the study was to investigate the usefulness of metastatic RCC 3D spheroids as a platform for effective in vitro anticancer drug screening. Our study was triggered by the fact that recently we demonstrated that RCC-CSCs are also potential therapeutic targets and are in fact targeted by tyrosine kinase inhibitors (TKIs) (e.g. sunitinib) (17) (18) (19) . At the same time the first attempts to develop anticancer drugs targeting CSCs were carried out in an acute lymphoblastic leukaemia model (20) , and subsequently in glioblastoma multiforme (21) by other research groups. The first group of drugs tested on CSCs, that are not classical cytostatics, the nonsteroidal anti-inflammatory drugs (NSAIDs), were tested in a colon cancer model. In preliminary research it was shown that NSAIDs effectively eliminate cancer cells from colon crypts, especially cells that have aberrant WNT signaling and represent the stem population (22) . Moreover, N-[3,4-dimethoxycinnamoyl]-anthranilic acid (tranilast, INN, brand name Rizaben ® ; Kissei Pharmaceuticals, Japan) was tested in a breast cancer model. It was proven that this H 1 -receptor antagonist decreases the number of mammospheres that are formed by stem cells, decreases the number of colonies (in a colony forming assay), and decreases the expression of surface markers and has a direct anti-proliferative effect on CSCs (23) . On the one hand, 3D/spheroid/sphere tests may provide in vitro tests with a higher predictive value of in vivo activity. At the same time, drug screens on 3D cultures, enriched in CSCs, can lead to development of novel effective treatments targeted to the elimination of these cells. Currently only a few trials are being run with specific CSC-toxic compounds (ClinicalTrials. gov) in solid tumors. Resveratrol is being tested in colon cancer (targeting Wnt signaling); or GDC-0449 and BMS-833923 in other tumors (targeting Hedgehog). Altogether there are approximately 10 trials that are being conducted to target CSCs, and only one drug is being tested in RCC. In the RCC targeted trial, CSC Notch signaling is targeted by RO4929097 (University Health Network, Toronto, Canada; no. NCT01141569) (24) . Furthermore, TKI and mTOR kinase inhibitor pre-clinical and clinical trials in RCC did not include CSC analysis (25) (26) (27) , as an appropriate model was not available. Therefore, the present study was designed with an aim to develop a new anti-RCC-CSC drug testing model and to investigate selected drug activities to prove its utility in the evaluation of different types of compounds (TKI, cytostatic, small-molecule). We believe that anti-CSC targeted therapies in RCC, and other solid tumors, represent a new direction for basic science exploration and potential subsequent clinical investigation in order to provide effective, advanced cancer care (28) . We also believe that sunitinib is a benchmark TKI compound that may be used for drug testing model validation, as its activity has clearly been described in clinical trials, as well as in molecular reports. Sunitinib (SU11248) is a multi-targeted inhibitor of tyrosine kinases including vascular endothelial growth factor receptor (VEGFR)1, VEGFR2 and VEGFR3, platelet-derived growth factor receptor β (PDGFR-β), stem cell growth factor receptor (SCFR-c-KIT), fms-like tyrosine kinase 3 (Flt3) and 73 kinases in addition to its main targets (29, 30) . Sunitinib inhibits cancer growth primarily through an anti-angiogenic mechanism by inhibiting endothelial cell proliferation and also halting their motility and inhibiting cancer stem cell endothelial differentiation (31, 32) . Sunitinib also inhibits the growth of cancer cells that is stimulated by VEGF, SCF, or PDGF and induces cancer cell apoptosis (33, 34) . Most recently, the elucidated mechanisms of sunitinib action include targeting of CSCs, as we have shown in our previous research (32, 35) . Recent reports have suggested the direct effect of sunitinib on CSCs in vivo and in vitro, which further supports our model selection. In xenograft RCC models, sunitinib was shown to generate resistance to its own therapeutic mechanism due to induction of hypoxia in the tumor. On the other hand, in prostate cancer xenograft studies, sunitinib reduced tumor hypoxia and angiogenesis, with a radiosensitizing effect on stem-like cells (36) . At the same time, in renal cancer xenografts, the number of CD133/CXCR4 co-expressing CSCs was found to be higher under hypoxia, in peri-necrotic tumor areas, and their tumorigenic potential was increased, while their sensitivity to sunitinib was decreased (37) . Moreover, nuclear factor (NF)-κB/interleukin-6 (IL-6) activation was found to be responsible for p21-activated kinase 1 (PAK1)-mediated stem-like phenotype following sunitinib treatment in RCC (38) . It is also worth emphasizing that sunitinib suppresses the proliferation, migration, apoptosis resistance, tumor angiogenesis and growth of triple-negative breast cancers but increases the percentage of breast cancer stem cells in tumors (39) , which is in agreement with the fact that sunitinib was recently shown in preclinical models to increase invasive and metastatic properties of breast cancer cells (40) . Surprisingly, recently, several groups have reported that antibiotics, including those routinely used in cell culture, can interfere with the sphere-forming abilities of cancer cells, and therefore their impact on CSCs may be expected (41, 42) . Selective toxic effects on CSCs have been reported for azithromycin, chloramphenicol and doxycycline (41) . In light of these CSC-related data, we aimed to verify the effect of sunitinib, as well as the aforementioned antibiotics, on RCC cells in our novel 3D-extracellular matrix (ECM) supported cell culture model. As a control we decided to use the cytotoxic drug epirubicin [Epi; DNA-intercalating topoisomerase II inhibitor (43) ] and to compare its effects on 3D culture with sunitinib [Su; tyrosine kinase inhibitor (TKI) anticancer activity in RCC (44) ] to verify the anticancer cell specificity of selected in vitro treatments in the developed novel cell culture system.
In summary, the present study was designed to evaluate the effect of various 3D culture conditions on RCC cell pathophysiology, including promotion of a CSC phenotype defined by putative marker CD105 expression. Our objectives were to characterize gene expression and RCC cell proliferation changes in 3D culture-promoting conditions as compared to traditional monolayer 2D growth. We also aimed to describe the susceptibility of RCC cells grown in 3D to TKIs and chemotherapeutics in order to evaluate the applicability of our biomimic 3D RCC culture model for anticancer drug testing. We believe that to facilitate TKI testing in vivo in the future, the biomimic culture model is required for more relevant drug in vitro pre-screening. This culture model is needed in order to decrease the number of molecules ineffectively tested in in vivo animal experiments. The 3D cell culture model resembles micrometastases by complex spatial cell-cell interactions, intratumoral hypoxia in spheroids, and enrichment with cells presenting stem cell phenotype as we have shown for papillary RCC previously (45) . Therefore, we believe that complex cell cultures, in defined media with ECM support, facilitate drug activity analysis and provide more relevant data, that are more likely to be replicated later in in vivo models. In general, the first goal of the present study was to provide such a biomimic model for the metastatic RCC field. The second goal of this study was to analyze the biological characteristics of RCC cells in this models including their drug sensitivity.
Materials and methods
Cell culture. Established human RCC cell lines were purchased from ATCC: Caki-1 (human kidney, epithelial, derived from skin metastasis; ATCC ® HTB-46™) and ACHN (human kidney, epithelial, derived from pleural effusion metastasis; ATCC ® CRL-1611™) (46) . For initial passages, cells were cultured in penicillin/streptomycin (P/S; cat. no. L0022; Biowest) containing medium (RPMI-1640; L0498; Biowest) supplemented with 10% FBS (cat. no. A3160802; Gibco/Thermo Fisher Scientific, Inc.) to prepare early stocks; cells used for the experiments were not older than the 10th passage since purchase. Prior to the present study, the cells were passaged at least twice in antibiotic-free medium and then cultured in RPMI-1640 medium supplemented with 10% FBS (2D medium) until 80% confluence, and then detached with Accutase (cat. no. L0950; Biowest) to obtain single-cell suspensions, washed 2 times with serum-free and antibiotic-free DMEM (product code, L0501; Biowest) to remove remaining FBS and used in experiments. All cell lines cultured in the laboratory were screened for Mycoplasma contamination on a regular basis with Mycoplasma Detection Kit (cat. no. PP-401L; Jena Bioscience) and only negative passages were used for the presented experiments. no. 354619; Corning) 24-well plates in StemXvivo or Nutristem (cat. no. 01-0005; Stemgent) media. A total of 10,000 cells per well in 1 ml of medium were seeded and cultured for 3 days to allow sphere formation. Then, drug treatment was applied as it was previously shown that a different response to each drug can be observed depending on whether the treatment was on a monolayer culture or directly to spheres (47) ; tested drugs were added in 100 µl of serum-free DMEM and after 3 additional days of culture, the cells were isolated for downstream assays. Alternatively, drugs were added 6 h after seeding and the cells were cultured for a total of 6 days. The 3D culture models employed are a subject of Polish patent application no. P.420002. Parallel 2D culture control was performed in standard tissue culture-treated plates (TC; cat. no. 10062-896; VWR) and RPMI supplemented with 10% FBS with culture time and drug treatment as above.
Microscopic observations. Cells were visualized using an inverted microscope Olympus CKX41 with camera UC30 and Olympus Entry Cell Sense 1.8.1. software (Olympus, Tokyo, Japan). The numbers of 3D structures formed were counted on the whole surface of the well. Table I . For IC 50 determination, a serial dilution of the drugs was prepared in serum-free DMEM in the range of 0.1-500 µg/ml or 0.01-50 µM final (in cell culture) concentrations, with DMEM not exceeding 10% of the total culture volume. As diluents, both PBS and DMSO did not alter the cell viability in the used concentrations in preliminary studies, and they were used in maximum concentrations only and served as controls. Penicillin/streptomycin solution was added to a final concentration used in standard culture (streptomycin, 100 µg/ml; penicillin, 100 U/ml). IC 50 determination. Cells were seeded as above, in a 96-well format; 2,500 cells per well either in 100 µl of RPMI supplemented with 10% FBS (2D culture medium) or StemXvivo medium (cat. no. CCM004, R&D Systems; 3D-promoting medium as established in preliminary studies). After three days of culture, the drug dilutions described above were added, in triplicate in a volume of 10 µl to the wells. After an additional 3 days of culture, Alamar Blue reagent (cat. no. DAL1100; Molecular Probes/Thermo Fisher Scientific, Inc.) was added to the final concentration of 10% and incubated for 3 h (for adherent cultures; RPMI) or 24 h (for 3D cultures; StemXvivo medium). Absorbance was measured in a plate spectrophotometer (MultscanGO; Thermo Fisher Scientific, Inc.) at 570 and 600 nm, and the percentage of Alamar Blue reduction was calculated according to the manufacturer's instructions. Cell viability is represented as a change in Alamar Blue reduction in comparison to the untreated cells (% of control).
Cell isolation. Cells were cultured as described above and aggregates were collected from wells, washed with PBS and incubated for 10 min with Accutase solution to obtain single-cell suspensions. Then, the cells were washed and re-suspended in different buffers (depending on the assay) and used in further analyses. Cell cycle analysis. Cells were pelleted to remove PBS, suspended by vortexing and pipetting and then 1 ml of 70% ice-cold ethanol (113964200; Chempur) was slowly added. Cells were incubated at -20˚C for at least 3 h. Before analysis, alcohol was removed completely by two PBS washes and then 100 µl of Muse ® Cell Cycle Reagent (The Muse ® Cell Cycle Kit, cat. no. MCH100106; Merck KGaA) was added for 30 min. For acquisition, additionally 150 µl of PBS was added. At least 2,500 cells were acquired on the Muse Cell Analyzer (cat. no. 0500-3115; Merck KGaA) and analyzed for the percentage of cells in G0/G1, S and G2 phases, based on DNA content.
RNA isolation. Total RNA was isolated with Cells-to-Ct kit (cat. no. AM1728; Ambion); a total of 5,000 cells were suspended to remove excess PBS and 50 µl of DNAse containing Lysis buffer was pipetted to the sample. After a 5-min incubation, the reaction was stopped by gently mixing in 5 µl of stop solution. The resulting RNA isolates were stored at -80˚C and then used for reverse transcription using the above mentioned kit. cDNA was obtained by adding 2X RT Buffer and 20X RT Enzyme mix to 10 µl of RNA isolates; reaction was adjusted to 25 µl with water and run for 60 min at 37˚C, followed by 5 min inactivation at 95˚C in a LifeECO thermal cycler (cat. no. BYQ6078; Bioer). Resulting cDNA was stored at -20˚C and used in gene expression analysis.
Gene expression analysis. Real-time PCR was performed using the Applied Biosystems™ TaqMan™ Gene Expression Master Mix (cat. no. 4369010; Thermo Fisher Scientific, Inc.) with multiplex TaqMan primer/probe sets (Thermo Fisher Scientific, Inc.; listed in Table II ) in 20 µl reactions in triplicate with 2 µl of 2X diluted cDNA reaction as a template. Two gene TaqMan sets were used in each reaction; compatibility of the kits was confirmed before experiments and only kits that gave the same signal when run in single or double reactions were used in the study. Also, -RT (minus reverse transcription) controls were performed to confirm no product on genomic DNA. Reactions were run in 8-well strips on LightCycler ® 96 machine (cat. no. 05815916001; Roche). Data were calculated with using the 2 (-ΔC(q)) method (48) , with normalization to geometrical mean expression of PPIA (peptidylprolyl isomerase A) and GUSB (beta-glucuronidase) as housekeeping gene controls (49) .
Statistical analysis.
All experiments were performed in at least three biological repetitions, and one representative study is shown. Results are presented as means ± SD from duplicates or triplicates (3 wells) . Differences between groups were determined using Mann-Whitney U test and considered significant if P<0.05 and marked with the symbol *on the respective graphs. For gene expression analysis non-parametric Kruskal-Wallis test was used and P-values are presented in Table III and on graphs or in the text.
Results
The mesenchymal phenotype is induced in 3D RCC spheroids. In our preliminary part of the study, we performed a screening to select the optimal culture conditions promoting formation of 3D spheroids by metastatic RCC cell lines, ACHN and Caki-1. We established that culture conditions of StemXVivo or Nutristem media on poly-D-lysine-coated plates for ACHN and laminin-coated plates for Caki-1 cells were the most efficient in promoting the 3D growth of cells [ Fig. 1 and (50) ].
In optimal 3D spheroid-rich conditions (StemXVivo/ poly-D-lysine combination) ACHN cells formed small spheroids with remaining adherent cells of an epithelial phenotype (Fig. 1) . Such culture conditions significantly increased the viability of the cells and promoted their proliferation as defined by an increased percentage of cells in the S and G2 phases ( Fig. 2A) . The levels of expression of most stem-related genes tended to be increased in comparison to these levels in the 2D culture (P= 0.081, Fig. 3A ; SOX2 was not detected in this sample), but both CDH1 and CDH2 were overexpressed together with VEGF. In optimal 3D spheroid-rich conditions (StemXVivo/laminin combination), Caki-1 cells formed large dark structures (Fig. 1 ) which were later characterized by significantly reduced cell viability (Fig. 2B) . Also a reduced percentage of proliferating cells (G2) was observed with a simultaneous G0/G1 phase shift (Fig. 2B) . At the same time these cells exhibited the gene expression pattern characteristic of EMT, a decrease in CDH1 and increase in CDH2; however, most stem-related genes, apart from SOX2 and CD105, were downregulated in these cells in comparison to the 2D culture (Fig. 3B ). In addition, the levels of VHL and NANOG gene expression were determined; however, they were not detected in the tested cell lines under these conditions.
Growth factor deprivation does not promote a pluripotent phenotype of 3D RCC spheroids. Growth factor deprivation (Nutristem medium) on the poly-D-lysine surface promoted CDH1 overexpression in ACHN cells. These cells formed small, heterogeneous cell aggregates with high viability and characterized by accumulation in the S phase of the cell cycle ( Figs. 1 and 2A) . In the formed 3D structures, RCC stem-related genes (CD105, OCT4) displayed decreased expression while other genes (SOX2, CD133, NESTIN) were overexpressed in comparison to the 2D-cultured cells. c-MET, CDH2 and VEGF were overexpressed in these cells (Fig. 3A) .
In contrast, Caki-1 growth in Nutristem medium upon attachment to laminin resulted in downregulation of the expression of various stem-related genes, CD133 and SOX2 (Fig. 3B ), that were upregulated in ACHN. In optimal 3D spheroid-rich conditions (Nutristem/laminin), Caki-1 cells formed uniform spheroids with smooth edges (Fig. 1 ), but the viability of cells in spheroids was slightly reduced when compared to cells in the standard 2D monolayer culture (Fig. 2B ). Under these conditions, HIF1 was overexpressed while VEGF expression was decreased (Fig. 3B) , and an increased percentage of cells in the S and G2 phases ( Fig. 2B ) was noted.
3D growth affects RCC cell drug susceptibility. 3D growth affected RCC cell susceptibility to TKIs and antibiotics in the tested model. Cells were more resistant to sunitinib and epirubicin in 3D than in 2D culture (Fig. 4 ). In 3D cell culture conditions, the IC 50 values for sunitinib were >5.5-and 2.4-fold higher in comparison to the 2D culture for ACHN and Caki-1 cells, respectively. Moreover, low concentration of sunitinib caused a mild increase in 3D cell growth of the tested cells. The differences in the IC 50 values were even higher for epirubicin; spheroids formed by Caki-1 cells were resistant to >80 times higher concentration of the drug, while in the case of ACHN cells the difference was 180-fold in comparison to the monolayer (Table IV) .
A standard concentration of penicillin/streptomycin (100 U/ml, 100 µg/ml, respectively) routinely used in cell culture did not affect the formation of 3D structures in the metastatic RCC cell lines (Fig. 5 ) with a similar observation in the case of the primary 786-O cell line (data not shown). On the contrary, penicillin/streptomycin enhanced 293 cell sphere 
Gene (FAM stain)
Assay ID Gene (VIC stain) Assay ID
OCT4 or POU5F1, POU class 5 homeobox 1; CD105 or ENG, endoglin; CD133 or PROM1, prominin 1; CDH1, cadherin 1; HIF1, hypoxia-inducible factor 1-alpha; HIF2, hypoxia-inducible factor 2-alpha; MET, MET proto-oncogene, receptor tyrosine kinase; CDH2, cadherin 2; NESTIN, nestin; PAX2, paired box 2; SOX2, SRY-box 2; VEGF, vascular endothelial growth factor; PPIA, peptidylprolyl isomerase A; GUSB, glucuronidase β. Table III . P-values of Mann-Whitney test for the comparisons between each 3D culture condition with 2D control for the gene expression analysis a . formation (data not shown). However, when the antibiotic solution was added at a higher concentration, 5 or 10 times (5X and 10X) more than used in standard culture, the viability of the cells grown in 3D conditions was reduced for both ACHN and Caki-1 cell lines. Azithromycin had a non-significant effect on the growth of cells in 2D and 3D in the tested concentration range ( Fig. 4) but surprisingly it increased the number of spheres formed by ACHN cells (Fig. 6C ). RCC cells showed some susceptibility to chloramphenicol; however, it was not dependent on culture conditions. In both cell lines, 2D culture condition sensitized the cells to doxycycline (Fig. 4 ).
2D vs. NutriStem 2D vs. StemXvivo
3D growth affects RCC cell susceptibility to chemotherapy and tyrosine kinase inhibitor. Sunitinib had a direct pro-apoptotic effect on RCC cells, although it was less potent than the control drug, epirubicin (Fig. 6 ). ACHN cells cultured in monolayer were sensitive to epirubicin (Epi, 1 µM) and low-dose sunitinib (Su1, 1 µM; Fig. 6A ). However, a higher concentration of the drug (Su10, 10 µM) in this model promoted the survival of cells isolated from spheroids. A lower number of spheres was observed only after epirubicin addition (Fig. 6C) . Moreover, in the StemXvivo ACHN cell culture, addition of sunitinib at a low concentration to formed 3D spheres was toxic and halted cells in the G0/G1 phase (Fig. 7A ). 3D structures formed by ACHN cells also had enhanced resistance to epirubicin (Fig. 6A) . These cells were also resistant to S phase arrest found in 2D conditions and accumulated in the G0/G1 phase (Fig. 7A) and had downregulated CSC-related genes in response to epirubicin (data not shown). In Caki-1 cells that had already compromised viability in the 3D structures (Fig. 2B) , epirubicin further reduced the percentage of live cells; the addition of the drug to formed 3D structures had a strong cytotoxic effect. The percentage of live cells recovered from spheres after epirubicin treatment was lower than that noted in the monolayer culture ( Fig. 6B ) although in the Alamar Blue assay 3D cultures were more resistant to the drug (Fig. 4B) . At the same time, there was no effect of Epi on the cell cycle; the cells were protected from a G2 arrest (observed in the monolayer culture), especially in Nutristem medium where simultaneously a slight increase in the G0/G1 contribution was observed (Fig. 7B ). Caki-1 cells in the monolayer were sensitive to sunitinib in a dose-dependent manner (Fig. 6B ) as observed previously (Fig. 4B ) with S phase arrest at a low dose only. At the higher concentration in response to Su, the cells accumulated rather in the G2 phase, as it was observed for Epi treatment. In the case of the 3D culture, only the StemXvivo variant maintained an enhanced resistance to Su (at the lower tested concentration) observed in the initial experiment; simultaneously these cells accumulated in the G2 phase of the cell cycle. In growth factor deprivation medium (Nutristem medium), 10 µM sunitinib and epirubicin affected the cell cycle by retaining cells in the G0/G1 phase (Fig. 7B) .
Discussion
In the present study, using bio-mimic 3D renal cell carcinoma (RCC) cell culture systems, we aimed to investigate the drug susceptibility of cells in a model more relevant to in vivo conditions (45) in terms of cell-cell interactions, cancer stem cell subpopulation presence and intratumoral hypoxia (51, 52) . We previously demonstrated that tyrosine kinase inhibitors (TKIs) are directly active against RCC stem cells (35) . We also demonstrated that metastatic RCC cell lines (ACHN and Caki-1) had higher colony-forming ability in comparison to primary RCC cell lines (53) , and that the ACHN cell line cultured under sphere formation induction conditions [b27 1X, epidermal growth factor (20 ng/ml) and basic fibroblast growth factor (25 ng/ml)] harbored a stem-like subpopulation (16) . In the present study, we continued to describe specific factors influencing RCC and RCC-CSC 3D growth and verification of the altered drug susceptibility of RCC cells grown in 3D and molecular changes evoked by these growth conditions. We previously demonstrated that RCC-CSCs from primary tumors are targeted by TKIs (35) and here we described how metastatic tumor-derived cells behave under TKI treatment and how 3D growth alters drug susceptibility in RCC. With this we aimed to develop a system for future novel drug testing that would be more relevant for pre-clinical research than the standard 2D RPMI-based culture.
In the first step, optimal RCC cell 3D growth conditions and characteristics of resultant spheroids were described. In our model, StemXVivo or Nutristem media on poly-D-lysine-coated plates for ACHN and laminin-coated plates for Caki-1 were the most efficient conditions for promoting 3D growth of cells and these sets should be used in further studies. As epithelial mesenchymal transition (EMT) is an important step for cancer cells to acquire metastatic capability and malignant tumor progression, mesenchymal stem cell-inducing medium (StemXvivo) was used to activate cells. EMT is characterized by a phenotypic switch-acquisition of a fibroblast-like morphology, reducing cell polarity and cell-to-cell contacts (54) . In accordance with this, we demonstrated reduced expression of the gene encoding E-cadherin (CDH1) epithelial marker and upregulation of the gene encoding N-cadherin (CDH2) mesenchymal marker in Caki-1 cells in mesenchymal medium on a laminin surface, which is the most important characteristic of cancer cells undergoing EMT. Moreover, anchorage-dependent cells cultured in low or serum-free media need cell-adhesive molecules for adequate cell attachment and spreading. These molecules are cell-specific and this was also confirmed for RCC. Optimal spheroid growth was shown for ACHN cells cultured on a poly-D-lysine-coated surface and Caki-1 cells cultured on laminin. Previously it was shown that association of laminin may serve as a stimulatory scaffold to support 3D growth and in melanoma stem cells it was found to upregulate the genes encoding Nestin and vascular endothelial growth factor receptor-1 (VEGFR-1). Laminin also promoted melanoma cell mitogenesis, growth and migration and as we report here this is also true for RCC cells (55) . Moreover, under growth factor deprivation conditions (Nutristem medium) when attached to laminin the viability of cells in spheroids was reduced when compared to the standard 2D culture (Fig. 5B ), suggesting the presence of necrotic areas inside these structures. In vivo, overexpression of HIF1 in these cells (Fig. 3B ) may be related to reduced pO 2 inside spheroids measured by electron paramagnetic resonance (EPR) as previously observed (56) . In this previous study, the authors observed that the smallest spheroid had the smallest hypoxic zone. Hypoxia inside the tumor mass is widely observed in vivo (57) (58) (59) (60) , therefore the developed 3D model can indeed present a more biologically relevant alternative to standard monolayer cultures. Moreover, decreased expression of stem-related genes and the increase in the expression of the CDH1 gene encoding E-cadherin may indicate a low level of aggressiveness of the Nutristem/laminin model. In contrast, our results suggest that the StemXvivo/laminin culture variant of Caki-1 cells represents a potentially CSC-rich RCC culture. It was observed that individual cells were detaching from these spheres-cell shedding; this may suggest increased metastatic potential of these cells (61) .
Although the presented culture conditions induced the formation of 3D structures by the tested cell lines, structures were heterogeneous with a limited number of CSCs within. Mostly, formation of the 3D structures coincided with an increase in the S phase of the cell cycle, but the expression of CSC-related genes was variable as defined by expression of stem transcription factors (OCT4, SOX2, NES) and RCC CSC putative markers (CD105, CD133).
Additionally, in one culture variant (Caki-1 cells on laminin surface and Nutristem medium) an increase in HIF1 expression occurred together with VEGF downregulation. In the other Caki-1 culture variant (StemXvivo medium), we observed the indication of EMT as CDH1 expression decreased with simultaneous upregulation of CDH2 while the expression of CSC-related genes, apart from NESTIN and SOX2, was decreased. This may be due to unaltered expression of the HIF1/2 genes which were shown to regulate the transcription factors responsible for cell pluripotency (62) (63) (64) . We believe that the CSC gene expression pattern also changed as a consequence of long-term incubation while with sphere growth heterogeneity of cells increased as has been shown in other models (65) (66) (67) (68) . We also believe similarly that dynamic changes in pO 2 -mediated HIF expression are responsible for the observed results in prolonged 3D cultures (69, 70) .
Secondly, our research also aimed to verify the possibility to target CSCs in renal cancer by an antibiotic treatment that was reported to be effective in other cancers (41) . Standard concentration of penicillin and streptomycin did not alter the spheroid forming ability of the tested RCC cells and was found to be safe for 3D experiments while it affects 3D growth at high concentrations. However, this may not apply to different cancers or even other, not assayed, RCC cell lines (41) . Penicillin-streptomycin enhanced Caki-1 2D cell growth as observed previously for colon cancer cell lines (42) , but its mechanism requires further analysis. The tested RCC cell lines were also insensitive to azithromycin, both the 2D and the sphere-forming population. In contrast, doxycycline was cytotoxic to RCC cells and spheroids with CSCs being more resistant than 2D cultured cells. Doxycycline targets mitochondria, due to homology of bacterial and mitochondrial ribosomes (71) and it may be that differential resistance to the drug characteristic for the 3D structures is a consequence of altered glycolytic metabolism (72) . However, unresponsiveness to the other tested mitochondrial-targeting antibiotics remains to be explained. Tetracyclines including doxycycline also inhibit the activity of metalloproteinases (MMPs) which were shown to be important players in tumor progression (73) , also in the case of RCC (74-76) and cells in spheroids are expected to express higher levels of MMPs (77) . The mechanism of the cytotoxic effect of doxycycline against RCC cells needs to be elucidated.
In the final step, we analyzed the effects of cytotoxic and targeted drugs, epirubicin or sunitinib, on the RCC cells grown in spheroid cultures. Sunitinib was also tested as it was repeatedly reported that despite its antiangiogenic activity, this molecule also possesses a direct antitumor effect in vitro inducing apoptosis of RCC cells (44, 78) in clinically relevant intratumoral concentrations (79) . In our experiments, sunitinib exerted a visible anti-RCC activity at a concentration as low as 0.4 µM against cells cultured in the monolayer (Fig. 4) . Cell proliferation was inhibited by sunitinib both in a mesenchymal phenotype (StemXvivo culture) and growth factor deprivation (Nutristem) conditions, which confirms its activity against CSCs (35) . Higher concentrations of the drug were needed to effectively inhibit cells in 3D than those grown in 2D and the metastatic ACHN cell line was more susceptible (lower IC 50 values). This is consistent with data reported for various in vitro cancer models (80) (81) (82) . Moreover, increased resistance to cytotoxic drugs is suggested to result from the presence of CSCs in 3D cultures (83) . Changes induced by the employed 3D culture conditions altered the RCC cell reaction to drugs. However, cells which were forming 3D structures were more resistant to the drug only when initially their viability was enhanced by the spheroid formation-promoting media. Since cell lines showed a consistent resistance to the drug in 3D spheroids (Fig. 4) we hypothesize that the drug resistance mechanism is activated in the CSC population (84) . In accordance with this, ACHN spheroids in StemXVivo medium upon sunitinib treatment accumulated in the G0/G1 phase, which indicates that cell quiescence may be responsible for CSC drug resistance (85, 86) . On the contrary, a different mechanism seems to underlie Caki-1 resistance. Caki-1 spheroid-derived cells were found to shift to the G2/M cell cycle phase upon sunitinib treatment. We believe that this is a result of sunitinib inducing the cells to re-enter the cell cycle, from a population of G0/1 untreated cells, and as a result enhanced growth in 3D in response to the treatment.
The mechanism of epirubicin cellular toxicity was shown previously to be cell line dependent (87) . Concordantly in our study, the Caki-1 cell line was more resistant to epirubicin than ACHN cells (Table IV) . Furthermore, ACHN and Caki-1 cell growth in a monolayer was arrested by the drug in the S or G2 phase, respectively. The addition of epirubicin to 3D-cultured cells modified the cell cycle distribution. In particular, epirubicin-resistant ACHN cells accumulated in the G0/G1 phase which was previously associated with enhanced cell resistance (88) . On the other hand, Caki-1 spheroid cells, which had reduced viability after epirubicin treatment in comparison to 2D culture, showed weak changes in the cell cycle with a small number of cells undergoing G2 arrest. This may be due to the lower contribution of spheroid-forming cells in the ACHN cell line, as opposed to Caki-1; there were remaining adherent cells in the culture (Fig. 1) which may have mediated a less pronounced effect on cell growth. This confirms previous research showing that cancer stem-like cells from tumor spheres are more resistant to epirubicin (89) .
In the present study, we developed feasible and consistent methods for culturing RCC spheroids for two different cell lines using specific media and a surface coating stimulation method. We characterized in detail the necessary growth conditions for these cell lines as well as the growth viability over the duration of the spheroid growth. Our results revealed that the formation of spheres or 3D structures partially results from CSC phenotype induction upon epithelial-mesenchymal transition (EMT). We screened four types of 3D cultures that induced a different cell morphology and altered cell characteristics. Although 3D-grown cells tended to be more drug-resistant than those cultured in a standard monolayer, this phenomenon was dependent on the adopted protocol of cell viability measurement (Alamar Blue assay during culture or direct viability of cells isolated from spheres). Therefore, the results obtained from the 3D cultured cells need to be analyzed with caution in respect to cell specificity. Our model may also be of interest to understand issues related to hypoxia and growth necrosis in tumor spheroids. 3D spheroids are a useful model to determine the morphological growth characteristics of cell lines which are not found in routine 2D culture methods. 3D culture methods may provide a better alternative to study the process of epithelial-mesenchymal transition. Spheroids may be used as assays for stem cell activity and cancer cell self-renewal and RCC tumorigenesis and therefore represent a novel model for exploring RCC pathobiology. Due to the more complex architecture they may be more relevant to the in vivo tumor drug response.
